This paper presents an electroporation device with high bacterial inactivation performance (~4.75 log removal). Inside the device, insulating silica microbeads are densely packed between two mesh electrodes that enable enhancement of the local electric field strength, allowing improved electroporation of bacterial cells. The inactivation performance of the device is evaluated using two model bacteria, including one Gram-positive bacterium (Enterococcus faecalis) and one Gram-negative bacterium (Escherichia coli) under various applied voltages. More than 4.5 log removal of bacteria is obtained for the applied electric field strength of 2 kV/cm at a flowrate of 4 mL/min. The effect of microbeads on the inactivation performance is assessed by comparing the performance of the microbead device with that of the device having no microbeads under same operating conditions. The comparison results show that only 0.57 log removal is achieved for the device having no microbeads-eightfold lower than for the device with microbeads.
Introduction
Electroporation is a widely used nonviral technology for transfection of genes and drugs [1] [2] [3] [4] . Under the application of a strong electric field, supraphysiological membrane potential is induced across the cell membrane to cause the formation of nanopores and thus change cell permeability [5] . When the applied field strength is sufficiently high, cell membranes are permanently perforated, leading to cell inactivation. The electroporation technique has numerous applications, such as the delivery of exogenous reagents like genes, drugs, and nanoparticles or the extraction of intracellular components like proteins, nucleic acids, etc. [6, 7] . It also plays an important role in recent breakthroughs such as gene editing (CRISPR-Cas9) [8, 9] and cell reprogramming (induced neurons) [10] . Moreover, this method is used in the beverage, wine, and dairy industries for disinfecting liquid products [11] [12] [13] [14] and shows great potential in the field of water treatment as well [15] [16] [17] . However, to maintain the high electric field strength required for electroporation, electric voltages up to 10 5 volts are usually employed, which increases the issues concerning operational safety.
Recently, various kinds of microfluidics devices have been reported in the study of electroporation under controlled experimental conditions [6, 7] . Early devices implemented 2D electrodes, including rectangular [18] , interdigitated [19] , and saw tooth electrodes [20] and other shapes [21] [22] [23] for generating high electric field strength. However, the electric field distribution is nonuniform because of the decay of field strength away from the electrode surface. To resolve this issue, devices involving 3D electrodes were developed, and the electroporation efficiency was significantly improved [24, 25] . Although local high field strength can be developed using different electrode designs and configurations, problems such as electrolysis and corrosion of electrodes were unavoidable. As a consequence, insulator-based microfluidic devices were developed where insulating structures (e.g., micropillars) with geometric variations are used [26] [27] [28] [29] [30] [31] . The use of insulating structures not only enhances local electric field strength but also minimizes the adverse effects observed in conducting electrode-based devices. Insulator-based dielectrophoresis (iDEP) devices have been demonstrated manipulating cells, particles, and proteins [32] [33] [34] . In our previously reported work, an iDEP device involving insulating PDMS micropillars was developed to inactivate microorganisms under various electric field and flow conditions [35] .
In this paper, we present electroporation-based bacterial inactivation operating on an enhanced electric field induced by insulating microbeads. Electric voltage was applied to a pair of mesh electrodes inside a chamber that consists of densely packed microbeads. The use of microbeads can enhance local electric field strength at lower applied voltages that are sufficient to electroporate bacteria. The inactivation performance is tested for two types of bacteria: Escherichia coli (E. coli) and Enterococcus faecalis (E. faecalis) under various electric field conditions. Both of the bacteria are abundantly found in raw water and are widely used as indicator organisms in the water treatment process [36, 37] . Figure 1a shows a schematic of our proposed device, with its working principle illustrated in Figure 1b .
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Fundamentals
In the device shown in Figure 1a , the motion of the fluid is governed by the continuity equation ∇ • = 0 and the steady-state momentum equation −∇p + μ∇ + = 0, where p is the pressure and μ is the dynamic viscosity of the liquid. denotes the electrical body force with ρe being the net charge density and E the strength of the applied electric field. However, the electrical body force terms can be ignored based on an assumption of a thin electric double layer (EDL); hence, a slip boundary condition can be imposed [38] , and such slip velocity can be expressed as [39] = μ
where ueo is the electroosmotic mobility of the fluid and is dependent on the surface potential ζs and permittivity εm and viscosity μ of the liquid [40] . This mobility is given by the Smoluchowski equation as 
In the device shown in Figure 1a , the motion of the fluid is governed by the continuity equation ∇·u = 0 and the steady-state momentum equation −∇p + µ∇ 2 u + ρ e E = 0, where p is the pressure and µ is the dynamic viscosity of the liquid. ρ e E denotes the electrical body force with ρ e being the net charge density and E the strength of the applied electric field. However, the electrical body force terms can be ignored based on an assumption of a thin electric double layer (EDL); hence, a slip boundary condition can be imposed [38] , and such slip velocity can be expressed as [39] 
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where u eo is the electroosmotic mobility of the fluid and is dependent on the surface potential ζ s and permittivity ε m and viscosity µ of the liquid [40] . This mobility is given by the Smoluchowski equation as
Similarly, the electric potential distribution outside the EDL region is governed by the Laplace equation ∇ 2 φ = 0, and the electric field strength can be obtained as E = −∇φ. In the presence of electric field, cells experience electrophoresis due to their electrostatic charges. In addition, the formation of nonuniform electric field generated inside the region of the packed beads results in the cell dielectrophoresis effect. Therefore, considering the combined effect of electroosmotic flow, electrophoresis, and dielectrophoresis, the cell velocity can be estimated as [41] 
where u is the velocity of the fluid, u p is the electrophoretic mobility of the cell of radius r, and c is a correction factor. Since the conductivity of the working fluid is much lower than that of cells, cells experience a negative DEP effect (refer to Supplementary Information S1). In most iDEP devices, the Joule heating effect can play a significant role as Q = σ|E| 2 , where Q is the volumetric Joule heating related to the electrical conductivity of the medium (σ) and the electric field strength (E). Additionally, cells undergo the electroporation effect due to the charges induced across the cell membrane. These induced charges give rise to a voltage, termed the transmembrane potential (TMP), which is given by Schwan's equation as [42] 
where f is the shape factor and θ is the angle between the line of electric field and the line joining the center of the cell to the point of interest. Further, the shape factor is given by [43] f = l l − 0.67r (5) where r is the radius and l is the length of the cell. For rod-shaped cells such as E. coli, l >> 2r. Thus, f = 1.
According to the theory of electroporation, when the transmembrane potential reaches the critical value of 0.2-1 V [7] , nanopores are formed within the cell membrane, thereby allowing exchanges of ions, drugs, molecules, genes, etc. If the applied field strength is very high, the pores do not reseal, and the cell membrane is damaged permanently. Two major theories can be found in the literature, and they are the theory of electromechanical compression [44] and the pore energy model [45] . Schwan's equation remains valid as long as the conductivity of the cell membrane is several orders higher than the conductivity of the suspending medium [46] . Successful electroporations have been demonstrated with various buffer conductivities ranging from deionized (DI) water to saline solution (i.e., 1.6 S/m) without affecting the viability of the cell [17, 47] . However, the use of a highly conductive buffer can generate a significant amount of heat, which can affect the electroporation process.
Materials and Methods

Device Design and Fabrication
The device consists of two acrylic blocks, one acrylic plate, and a pair of mesh electrodes. A 15 mm hole was created at the center of a 2 mm plate using laser cutting. Two stainless steel mesh wires, with a thickness of 0.5 mm and sufficiently large aperture (~50 µm), were cut into the desired shape (20 mm × 50 mm). These electrodes were sputtered with 25/400 nm Cr/Au to make them chemically inert. Rectangular grooves were manufactured in the acrylic blocks to fit in the mesh electrodes. Figure S2 Inventions 2020, 5, 2 4 of 11 shows the assembled device with densely packed beads. Mesh electrodes were hooked up into the rectangular grooves of both acrylic blocks. On the top of one block, the plate was attached, and the beads were packed. Silica beads (~100 µm) were mixed with deionized (DI) water to facilitate the packing process. A syringe was used to suck the water from the bottom to speed up the process. Upon completion, another block was mounted from the top and was fixed with screws.
Cell Preparation
E. coli and E. faecalis were chosen as the modal organisms for the experiment. E. coli ATCC 25922 and E. faecalis ATCC 19433 were separately cultured overnight at 37 • C in a shaking incubator at 100 rpm. The next morning, 10 µL of cell culture was added to 50 mL of fresh medium and was grown to exponential phase (OD 600~0 .5). E. coli was cultured in Luria broth (LB) medium (Sigmaaldrich, Singapore), whereas E. faecalis was grown in a tryptic soy broth (Sigmaaldrich, Singapore). Cell concentration was adjusted to~10 6 cfu/mL by dilution. Cells were washed three times with sterile DI water and finally suspended in 50 mL of DI water with 0.1% Tween 20 (Sigmaaldrich, Singapore). Cell samples of 2 mL were collected before and after the treatment process. The concentrations of the samples were obtained using the standard spread plate counting method. After spread plating, samples are incubated overnight at 37 • C. Results from treated samples and controlled samples were compared to obtain the inactivation performance of the device. The concentrations of live bacteria were measured by counting the number of colonies, and log removal efficiencies were obtained as Log removal efficiency = − log 10 (C/C 0 ) (6) where C is the concentration of live bacteria after electroporation treatment and C 0 is the initial concentration of bacteria before treatment.
Experimental Setup
Direct current (DC) voltages were supplied to the electrodes using an HVS448 high-voltage power supply (LabSmith, Livermore, CA, USA), whereas alternating current (AC) voltages were applied using a signal from a function generator (Tektronix, AFG-3022, USA) and amplified by a high-voltage amplifier (OPT3, Singapore). Experiments were conducted with different electric field strengths ranging from 0 kV/cm to 2 kV/cm. A peristaltic pump (Cole-Parmer, 77301-21, USA) was used for generating the flow of cell suspension at a constant rate of 4 mL/min. For all voltage conditions, a constant flowrate was used. A magnetic stirrer (LMS, HTS-2003, Japan) was used at 100 rpm to make the suspension homogenous throughout the experiments. Before conducting any experiment, the device was flushed using ethanol and DI water. Further, to prevent the cells from adhering, Pluronic F127 (Invitrogen, USA) was used for coating channel walls and the packed bead region.
Numerical Simulation
COMSOL Multiphysics software (Comsol, Burlington, MA, USA) was used to simulate the electric field distribution inside packed bead structures. Due to complexity in the geometry, a unit cell rhombohedral structure was considered for the numerical simulation. Figure 2 shows the workflow of our simulation. At first, the packed bead structure was developed (Figure 2a ), and the unit cell was created using three microbeads (Figure 2b ). This unit cell was imported into COMSOL to obtain the simulation domain (Figure 2c ). The domain was meshed using automatic features, and the following boundary conditions were applied (Figure 2d ): (a) electric voltages on the anode and the cathode, (b) electrical insulation at the surfaces of microbeads, and (c) symmetrical boundary conditions for remaining boundaries. The values for the dielectric constant and conductivity of the medium were 78 and 5 µS/cm, respectively. An electric voltage of 40 V was applied to the anode, whereas the cathode was grounded. The distance between the electrodes was 100 µm, i.e., the diameter of the 
Results and Discussion
Numerical Simulation Results
Our simulation results show that the use of microbeads results in nonuniform distributions of the electric field with local enhancement in its field strength. Particularly, the results presented in Figure 3a ,b show that the electric field strength reaches up to 18.5 kV/cm (near the corners of the cut plane). Additionally, the minimum electric field strength in the same cut plane is approximately 10 kV/cm, which suggests at least fivefold enhancement of electric field strength is achieved when beads are used. Numerical simulations were also performed to compare the electric field strength when no beads are used where the electric field distribution is uniform with a field strength of 2 kV/cm. Figure  3c compares the electric field strengths for both devices (with and without beads), under various applied voltages. By using these electric field strengths, the induced TMP can be obtained using Equation (4) . Figure 3d shows the induced TMPs for all operating conditions for both devices. For the device with beads, the induced TMP is greater than 0.2 V for all voltages higher than 100 V. 
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Numerical Simulation Results
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Inactivation Performance of the Device
The performance of our inactivation device was compared with the device with no beads. Experiments were conducted using E. coli for an applied field strength of 2 kV/cm with a flowrate of 4 mL/min. Figure 4 compares the log removal efficiency for both devices, where a significant difference can be observed. More than 4.5 log removal (~4.75) is obtained when beads are used, while the log removal efficiency is less than 1 (~0.57) when no beads are used. Under this electric field condition, the induced TMP for the device with beads is nearly 1 V (refer Figure 3d) , which favors electroporation. However, for the device without beads, the induced TMP is ~0.2 V (refer Figure 3d) , under which minimum inactivation is achieved. This result suggests that the electric field can be enhanced significantly by using insulating beads to induce strong local electric field strength that can much enhance the electroporation of cells.
The energy consumption of the device was also obtained and was compared to the UV treatment method. For a flow rate of 4 mL/min and an applied potential of 400 V, the electrical current in our device is only 2.15 mA. This corresponds to energy consumption of 12.90 kJ/L, which is significantly lower than the power consumption by UV disinfection methods (up to 933.6 kJ/L) for disinfecting bacteria [48] . A detailed calculation is provided in Supplementary Information S3. By considering a porosity of 0.36 for well-packed spherical beads [49] , the volume of the treatment chamber was obtained as 0.636 cm 3 . Therefore, 6 sec hydraulic retention time (HRT) was obtained for the flowrate of 4 mL/min. Usually, the treatment time for the UV method is around 30-100 s, which is much longer compared to that for our method (~6 sec) [50] . The effectiveness of the UV method is also dependent 
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The energy consumption of the device was also obtained and was compared to the UV treatment method. For a flow rate of 4 mL/min and an applied potential of 400 V, the electrical current in our device is only 2.15 mA. This corresponds to energy consumption of 12.90 kJ/L, which is significantly lower than the power consumption by UV disinfection methods (up to 933.6 kJ/L) for disinfecting bacteria [48] . A detailed calculation is provided in Supplementary Information S3. By considering a porosity of 0.36 for well-packed spherical beads [49] , the volume of the treatment chamber was obtained as 0.636 cm 3 . Therefore, 6 sec hydraulic retention time (HRT) was obtained for the flowrate of 4 mL/min. Usually, the treatment time for the UV method is around 30-100 s, which is much longer compared to that for our method (~6 sec) [50] . The effectiveness of the UV method is also dependent on the biomass concentration, as well as the turbidity of the liquid. Similarly, the requirement for periodic maintenance of the lamp increases the cost of the treatment process. Our method also shows benefits over chemical methods of treatment as our method does not involve the use of any chemicals and the formation of by-products is also negligible [17, 47, 51] .
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The inactivation performance of the device was evaluated under various electric field conditions with a flowrate of 4 mL/min. Experiments were performed with applied electric voltages of 0.5 kV/cm, 1 kV/cm, 1.5 kV/cm, and 2 kV/cm. Control samples were collected for the 0 V condition and used to compute log removal of the bacterial concentration. After the treatment, all the samples were cultured for 18 h in agar plates at 30 °C. As shown in Figure 5a , more than 4.5 log removal of E. coli was achieved for the applied field strength of 2 kV/cm. No viable cells were observed after 18 h of culture. In the figure, it can be observed that the number of viable cells decreases for higher voltages due to the increase of the TMP for higher voltages. It is also seen that the log removal of E. faecalis is lower than that of E. coli under same electric voltage, which is due to the presence of a thicker cell wall layer for Gram-positive bacteria [51] . was carried out using a standard spread plate counting method. p = 0.0002, using Student's t-test. Three asterisks represent p ≤ 0.001.
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Similarly, experiments were performed for various AC field strengths ranging from 0.5 kV/cm to 2 kV/cm for both bacterium types. It was observed that the log removal for both bacteria was lower compared to the results from DC (Figure 5a,b) . For DC, voltage always remains at the same value, while for AC, voltage changes with time, and the duration of the electric field becomes too short to charge the transmembrane potential to a level that induces electroporation. However, with the use of AC, the total current is lower than that with DC. In addition, at lower voltages, compared to DC, the log removal efficiency is higher for AC fields, which might be due to the DEP trapping effect resulting from nonuniformity in the electric field strength (refer to Figure S1 ). cultured for 18 h in agar plates at 30 °C. As shown in Figure 5a , more than 4.5 log removal of E. coli was achieved for the applied field strength of 2 kV/cm. No viable cells were observed after 18 h of culture. In the figure, it can be observed that the number of viable cells decreases for higher voltages due to the increase of the TMP for higher voltages. It is also seen that the log removal of E. faecalis is lower than that of E. coli under same electric voltage, which is due to the presence of a thicker cell wall layer for Gram-positive bacteria [51] . 
Effect of AC Frequency
To investigate the effect of AC frequency on bacterial inactivation, experiments were conducted with different frequencies at a fixed applied field strength of 1.5 kV/cm and flowrate of 4 mL/h. Figure 6a presents the device performance for frequency varying from 2.5 kHz to 60 kHz for E. coli. The results suggest a small change in the inactivation for this frequency range. However, the log removal efficiency drops from 2.5 to 1.5 with increasing frequency from 2.5 kHz to 60 kHz. This is because the transmembrane potential does not change significantly in this range, as represented in Figure 6b . In the presence of an AC field, the TMP changes with applied frequency according to ∆φ = 1.5r|E|cosθ/ 1 + (ωτ) 2 1/2 [52] , where τ is the time constant and ω is the angular frequency. In this expression, the time constant τ is given by τ = rC m (ρ int + ρ ext /2), where C m is the membrane capacitance and ρ int and ρ ext are the resistivities of the cytoplasm and external medium, respectively. It is observed that if the frequency is high (>10 4 Hz), the TMP is reduced and the duration of the electric field becomes too short to charge the membrane, thereby causing a reduction in electroporation [16, 53] . At higher frequencies, the log removal may be due to the cell DEP effect resulting from insulating beads inducing a nonuniform electric field. Similarly, experiments were performed for various AC field strengths ranging from 0.5 kV/cm to 2 kV/cm for both bacterium types. It was observed that the log removal for both bacteria was lower compared to the results from DC (Figure 5a,b) . For DC, voltage always remains at the same value, while for AC, voltage changes with time, and the duration of the electric field becomes too short to charge the transmembrane potential to a level that induces electroporation. However, with the use of AC, the total current is lower than that with DC. In addition, at lower voltages, compared to DC, the log removal efficiency is higher for AC fields, which might be due to the DEP trapping effect resulting from nonuniformity in the electric field strength (refer to Figure S1 ).
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Concluding Remarks
We developed a new bacterial inactivation device using packed silica beads that can generate high local electric field strength. The device provides an efficient method of enhancing the local electric field to achieve effective electroporation. The device shows better cell inactivation performance over a reference device without microbeads. This device can continuously inactivate microorganisms at much lower voltage compared to conventional electroporation systems. The 
We developed a new bacterial inactivation device using packed silica beads that can generate high local electric field strength. The device provides an efficient method of enhancing the local electric field to achieve effective electroporation. The device shows better cell inactivation performance over a reference device without microbeads. This device can continuously inactivate microorganisms at much lower voltage compared to conventional electroporation systems. The reported method can potentially be used in different applications such as fresh, waste, or ballast water treatment or disinfecting food products such as juice, milk, and wines.
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